The potential impact of recent developments in three-dimensional quantitative interaction proteomics on structural biology by Tunçbağ, Nurcan et al.
The potential impact of recent developments in three-
dimensional quantitative interaction proteomics on structural 
biology
Nurcan Tuncbag1, Attila Gursoy2,3, Ozlem Keskin2,3, and Ruth Nussinov*,4,5
1 Middle East Technical University, Graduate School of Informatics, Department of Health 
Informatics, Ankara, Turkey
2 Koc University, Center for Computational Biology and Bioinformatics, Istanbul, Turkey
3 Koc University, Computer Engineering, College of Engineering, Istanbul, Turkey
4 Cancer and Inflammation Program, Leidos Biomedical Research, Inc., Frederick National 
Laboratory, National Cancer Institute, Frederick, Maryland, United States
5 Department of Human Genetics and Molecular Medicine, Sackler School of Medicine, Sackler 
Institute of Molecular Medicine, Tel Aviv University, Tel Aviv, Israel.
Keywords
integrative modeling; structural bioinformatics; assembly modeling; protein interactions
In the cell, proteins are not isolated entities. They interact with each other and with other 
molecules including DNA, RNA, small ligands, and membrane lipids to carry out their 
functions. They typically form multimeric assemblies through non-covalent interactions; 
examples include the nucleosome, ribosome, viral coats, the E2/E3 ubiquitination 
machinery, the Mediator, membrane-anchored nanoclusters and more. The strength of the 
non-covalent interactions and the life times of the assemblies vary in the cell and the spatial 
organization of their so-called ‘interactomes’ reflects a temporal and dynamic behavior. 
Some interactions are elicited by specific regulatory states; others take place in distinct 
cellular compartments or spatial locations. Some are long- others are short-lived regulating 
intracellular signaling bursts. Capturing these transient interactions with conventional 
techniques is challenging. In addition, some proteins interact with their partners following 
post-translational modification events such as phosphorylation, ubiquitination, methylation, 
or hydroxylation of specific residues. Abnormal alterations in protein interactions can cause 
cancer, neurodegenerative diseases and other pathologies. The ultimate goal in structural 
biology is to reveal the three dimensional interaction details of proteins which are essential 
in order to understand how cellular function is carried out. The characteristics of protein-
protein interactions and their physicochemical properties is reviewed extensively in [1].
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X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy [2] are classical 
structural biology approaches to determine the structures of protein complexes at high-
resolution (reviewed in [3]). Although we have access to a diverse set of protein complexes 
in atomic detail and the size of this set is increasing exponentially, protein complexes with 
low solubility and low stability or proteins whose conformations have low population times 
are difficult to detect with these techniques even though recently NMR has been able to 
capture rare conformations [4, 5]. Transient interactions are underrepresented because of 
their low stability. Further, although there are examples of large protein assemblies resolved 
with these techniques, the increase in their number is relatively slow. Due to inherent 
structural determination difficulties with these high resolution techniques, some important 
and populated protein groups are less represented in the structural database as well. For 
example, membrane proteins represent only ~1% of all structurally resolved proteins in the 
PDB (as of 2004), despite their functional and therapeutic significance [6]. Later, with the 
advances in experimental and comparative computational techniques, 10% of all known 
membrane proteins have been recovered [7]. To increase the structural coverage of protein 
assemblies, recent high resolution EM (even on the order of 2Å) [8] and conventional low-
resolution techniques such as cryo-electron microscopy (cryo-EM) and small angle X-ray 
scattering (SAXS) (reviewed in [3]) are being used to determine the shape of the complex. 
However, in the absence of the crystal structures (or high resolution models) of the subunits, 
these techniques do not provide information about the organization of the subunits within the 
complex.
The most remarkable advances in quantitative interaction proteomic approaches in the last 
decades, especially in mass spectrometry (MS), are in structural biology [9]. MS-based 
methods can be used to obtain the stoichiometry of protein interactions [10]. MS-SWATH 
combined with affinity purification (AP-SWATH) is another approach which quantifies the 
temporal changes in protein interaction accurately and efficiently upon perturbation. One 
such example is the 14-3-3β mediated interactome after IGF1 stimulation [11]. In addition to 
identifying pairwise protein interactions, MS-based approaches also offer more details about 
the interaction. The most significant advantage of MS-based approaches is its general 
applicability -- which is independent of the size, mass, flexibility and conformation of the 
complex. Several MS-based approaches can reveal protein structures and their interactions. 
Native MS is a technique that allows structural and functional analysis of intact protein 
complexes [12]. Although native MS does not identify protein complexes at atomic 
resolution, it provides information about the stoichiometry, composition, stability and 
organization of the subunits in the assemblies. It is also important to note that native MS 
keeps protein complexes intact in the spectrometer by conserving the noncovalent 
interactions across the protein subunits [13]. The first step in MS-based 3D structure 
determination is finding the mass of each component in the protein complex which is not an 
easy task. In general, the mass of the first product is not always equal to the mass derived 
from the protein sequence. The MS analysis of the denatured complex can help in 
determining the mass of each subunit. The mass of the protein assembly with the masses of 
each subunit can give the composition and stoichiometry of the complex. At this point, 
algorithms (e.g. SUMMIT) that consider all possible combination of subunits within an error 
range can be used to determine the composition [14]. The ion-mobility MS (IM-MS) 
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technique discriminates among packing possibilities of the subunits in the complexes, 
determining if the subunit is ring-shaped, linear or densely packed [15]; combining native 
MS with IM-MS gives further information on the shape and topology of the complex. In 
addition, IM-MS can be combined with EM data to find out the subunit arrangements in the 
complex. Although native MS combined with IM-MS is great for determining the 
stoichiometry, topology and the overall shape of the complex, it cannot detect the binding 
residues. Another MS-based method, the chemical crosslinking (XL-MS) technique, 
resolves this problem by covalently connecting the modules across subunits or within 
subunits [16, 17]. Inter-protein crosslinks provide information about interacting partners 
while intra-protein crosslinks provide information about protein topology. With MS 
techniques, it is also possible to monitor the dynamics of protein complexes which can 
capture residue level fluctuations in real time. All these techniques give spatial restraints for 
three-dimensional modeling of protein assemblies and provide the composition, topology, 
shape, subunit contacts and interaction sites. To have high-resolution structures of the 
complexes, integrative approaches which combine these techniques with conventional 
techniques and computational approaches are crucial [17].
Besides the experimental approaches, many computational techniques have been developed 
to structurally model protein complexes. A detailed review and a list of tools or resources for 
computational techniques can be found in [1]. These can be grouped into ab initio docking, 
homology modeling and template-based docking as well as predictive models using machine 
learning and network based approaches (reviewed in [1, 18]). In addition, molecular 
dynamics simulations can be used to extend the coverage of conformational ensembles for 
docking approaches to better consider the flexibility of proteins [19]. These approaches can 
be also considered as high-resolution techniques. As in all predictive approaches, there are 
false positives as well as true positives. Prior knowledge relating to the interaction of the 
subunits in the protein complex is expected to improve the prediction accuracy. For example, 
chemical crosslinking data are especially important to filter out the false positives in the 
output of these computational approaches. In a recent work, the architecture of the TIR 
domain signalosome has been computationally modelled [20] using the PRISM algorithm 
[21], a template-based docking approach, and the modelled assembly has been validated 
with biochemical data [20]. In another work, homology modeling techniques have been 
integrated with EM maps to model a high resolution molecular model of the auxillin-clathrin 
complex. Further, the PRISM algorithm integrated with conformational ensembles of protein 
monomers and EM maps performed well in modeling large protein assemblies [22]. 
Integrative modeling has been also applied to the yeast RNA exosome where the spatial 
restraints from MS data and computational docking of the subunits have been used (as 
reviewed in [3]).
Each technique, experimental or computational, has its strengths and weaknesses. A single 
approach is not enough to properly model protein complexes. For more reliable results 
hybrid approaches are emerging, especially those integrating experimental and 
computational techniques which complement each other really well [20, 23-26]. It is 
apparent that the field is moving toward integrative approaches to accurately identify the 
three-dimensional protein interactions. Spatial restraints obtained by MS techniques can be 
combined with other structural techniques to model protein assemblies in atomic detail. 
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Alternatively, low-resolution structural maps can be integrated with the computational 
methods. The Integrative Modeling Platform [26] serves to provide an integrative framework 
with several tools for the analysis of different experiments including SAXS and cryoEM 
data, and integrating these with computational pairwise docking. In a recent integrative 
approach using this platform, the molecular architecture of the yeast Mediator complex has 
been determined by combining chemical-crosslinking and MS, X-ray crystallography, 
homology modeling and cryo-EM data [25].
Hybrid approaches integrating these techniques have been applied to several other cases too. 
MS of the intact protein complexes has been used to analyze the eukaryotic initiation factor 
(eIF) and the total mass, masses of all subunits, the stoichiometry and the subunit interaction 
network have been determined [24]. The model has been further analyzed with 
phosphorylation proteomics of the complex and 29 phosphorylation sites have been 
identified. The phospho-sites were found to be located within the core part of the complex 
which implies that dissociation and association of the subunits are controlled through these 
events.
In another example, chemical crosslinking and MS have been used to structurally analyze 
the p53 tetramer [23]. The XL-MS data of the p53 tetramer was found to be consistent with 
the p53 model obtained by SAXS experiments; however, the regulatory domains of p53 are 
closer to each other than in the model obtained with SAXS. Additionally, the EM structure 
of the p53 tetramer is in disagreement with the crosslinking data. These results illustrate that 
although conventional structural biology techniques fail to obtain high resolution structures 
of proteins having many disordered regions, chemical crosslinking MS might be a way to 
overcome this issue. It may also suggest different preferred organizations under different 
experimental conditions and protocols.
Understanding the functional complexes or assemblies in the cell in three-dimensional space 
is crucial. Integrative approaches allow advanced modeling of these complexes by 
combining multi-level data from multiple experiments. This is useful in two ways. First, 
hybrid approaches consider multiple aspects and spatial restraints of the protein complex 
which improves its structural model. Second, using multiple data from different experiments 
can help in cross-validating the results which can limit the false positives in the final list of 
putative protein models. Although many protein assemblies were successfully determined by 
hybrid approaches, a large-scale application is still missing. In the near future, these 
technologies will likely evolve to accurately model intact protein complexes and their 
dynamics at the global level. Toward this aim, data from multiple experiments accumulate, 
including EM maps, state of-the-art MS-based data and more and are organized in databases. 
In line with these experimental advances, the performance of computational approaches to 
docking and modeling keeps improving. We expect that in the future structural biology will 
be able to put together a proteome scale map of protein complexes in high resolution 
obtained by such integrative approaches. The next step will involve putting these in the 
cellular milieu, consider their interactions with the membrane and with the cytoskeleton, and 
merge these with data on their stability, dynamics and eventually exploit these to gain further 
insight into cell life.
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